Future nitrate (NO 3 ) leaching to surface water at an upland heathland catchment, Øygardsbekken, southwestern Norway, was simulated using the MAGIC model with monthly time steps.
INTRODUCTION
Global air temperatures increased by 0.78C during the 20th century and are projected to increase by between 1.1-6.48C during the 21st century (IPCC 2007) . These increases may be accompanied by changes in the seasonal precipitation pattern and evapotranspiration. Large impacts are expected on high-altitude upland ecosystems (Beniston et al. 1997) because these are considered to be particularly sensitive due to the rapid change in climate with altitude and species' close adaptations to the cold environment (Kö rner 1999).
For Norway regional climate models project 2.5 -3.58C increase in annual mean temperature from 1961 -1990 to 2071-2100 under several scenarios of greenhouse gas emissions (REGCLIM 2005) . The direct and indirect effects of the potential increase in temperature, precipitation and evapotranspiration on ecosystems are likely to be complex and highly variable in time and space. One consequence of doi: 10.2166/nh.2009.068 climate change in upland ecosystems in Norway may be increased leaching of nitrogen (N) from soil to runoff due to increased mineralization of soil organic matter, as shown by the CLIMEX project (van Breemen et al. 1998; Wright 1998) .
The N released can exacerbate acidification of surface waters and supply nutrients to coastal marine ecosystems.
Simulation models offer a valuable complement to experimental studies by allowing effects of different N deposition and climate scenarios to be assessed over long time scales and by testing hypotheses about the mechanisms of interaction of possible causal factors.
Temperature, together with moisture, are key factors regulating biogeochemical processes such as litter decomposition (Kirschbaum 1995) , respiration (Howard & Howard 1993; Leiros et al. 1999) , nutrient mineralization and immobilization (Schmidt et al. 1999; Jonasson et al. 2004 ). Warming may lead to an extension of the growing season in upland ecosystems in Norway. In general this can have positive effects on plant growth (Myneni et al. 1997; Menzel & Fabian 1999 ) which in turn can cause an increase in litter production.
The main purpose of the present study is to explore the effects of changed temperature, precipitation and N deposition on future long-term and seasonal nitrate (NO 3 ) concentrations and flux in streamwater given two scenarios of greenhouse gas emissions (A2 and B2 of the UN Intergovernmental Panel on Climate Change (IPCC)) run with two general circulation models (GCMs) (Hadley Center and Max Plank Institute). The MAGIC 7.77 model (Model for Acidification of Groundwater In Catchments) (Cosby et al. 1985a (Cosby et al. ,b, 2001 ) that has been calibrated to the 12-year data series at Øygardsbekken, southwestern Norway ) was used. Øygardsbekken is a small headwater catchment draining upland heathlands and receives high amounts of precipitation and N deposition. NO 3 concentrations and fluxes for the calibration period (1993 -2004) were compared with those obtained for the corresponding 12 years during the scenario period (2085 -2097) under two different assumptions (storylines) for future soil and vegetation processes.
The relative impacts of the different climate scenarios on the long-term change in the soil carbon (C) pool is also considered.
MATERIALS AND METHODS

Scenario estimates
Climate scenarios
Climate scenarios for the Øygard catchment were based on dynamically downscaled temperature, precipitation and evaporation data from the Rossby Centre Regional Climate The preparation of climate scenarios for the MAGIC model was based on a monthly "delta" approach, i.e. the difference between monthly mean air temperature, precipitation and evaporation for the scenario period and the corresponding monthly means for the control period . The delta values expressed as 8C (air temperature) and % month 21 (precipitation, evaporation) were then projected on monthly air temperature, precipitation and runoff time series. Scenario estimates for runoff were based on the % change in precipitation less the absolute delta values for evaporation. The absolute delta values for evaporation were used because no field measurements were available. Moreover the associated error is likely to be small since evaporation most likely is small compared to precipitation and runoff from this wet, upland site.
The mean delta value for each month from the control (1961 -1990) The mean monthly delta values for temperature from each of the scenarios were added to daily air temperature data and aggregated to mean monthly air temperature.
These new air temperature time series served as the basis for calculation of future estimates of soil temperature using the sine-based equation from model calibration ( Table 1 ). Then soilGDD was calculated for each soil temperature time series for the different scenarios.
C and N processes
During calibration rates for C and N processes were set as functions of temperature (Table 1) , thus enabling future process rates to be easily computed using the projected future scenarios for temperature in the equations in Table 1 .
The calibrated monthly mean rates for C and N processes were used each year to calculate future rates (according to the set-up during model calibration). Present monthly mean temperature data were replaced by the future monthly temperature estimates from the scenario projections in the calculations for present C and N processes (Table 1) .
Physical estimates for the lake compartment
A future warmer climate will probably change the thermal regime in the small lake Hedlevatn, situated in the lower part of the catchment. This will likely affect the damping of the seasonal pattern of NO 3 concentrations in runoff from the terrestrial parts of the catchment. ) during 1990-2100, examplified for the HCA2 scenario. Measured short-term variations in runoff (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) were superimposed on a long-term linear trend, according to scenario estimates for precipitation less evaporation. See text for details.
Future changes in lake thermal regime have been estimated for Lake Kolbotnvatn, a small lake in southeastern Norway (Tjomsland & Rohrlack 2008) . The estimates were based on the HCA2 climate scenario (temperature, wind, radiation, relative humidity) from the Rossby Centre using the CE-Qual-W2 model (http://www. ce.pdx.edu/w2) (Tjomsland & Rohrlack 2008) . These estimates were used for Lake Hedlevatn. The present-day mean annual temperature at Lake Kolbotnvatn is approximately 0.38C higher (slightly higher mean air summer and lower winter temperatures) compared to Øygardsbekken.
Simulations from the model CE-Qual-W2 indicate there will be no ice formation on the lake surface during winters 2071-2100; thus the lake will have full mixing throughout the winter (Tjomsland & Rohrlack 2008) The two storylines explored in this study used the same description and quantification of soil N and C processes; they differed in the quantification of plant processes (Table 2) . With the first storyline (SLsoil) no change in vegetation was assumed (i.e. no change in annual biomass 
RESULTS
Scenarios
Climate scenarios, N deposition and discharge
The four climate scenarios projected a mean annual increase in temperature of 2.1-3.78C in the scenario period 2071-2100 relative to the control period 1961 -1990 (Table 3 ). The MPI model with the A2 scenario gave the largest increase, while the HC model with the B2 scenario gave the lowest. All scenarios projected an increase during all seasons, although the MPI scenarios showed most pronounced heating during winter and the HC scenarios during late summer and early autumn. The two models gave nearly the same temperature for the control period 1961 -1990.
The models projected an annual increase in precipitation of 8 -33%, with slightly larger increases for the A2 relative to the B2 scenario (Table 3 ) and with a threefold increase for MPI relative to HC. The MPI scenarios projected higher precipitation amounts during winter, spring and autumn, and unchanged or slightly reduced amounts during summer. According to the HC scenarios, the summers and early autumns will be dryer and winters wetter than at present.
The increase in discharge (Q) is expected to be slightly less than the increase in actual precipitation, as the projected heating of the systems will increase the evapotranspiration by 12 -24% annually. On an annual basis the projected changes in Q were comparable with the increase in precipitation (Table 3 ). The projections suggested that future discharge will be higher in autumn and winter, but lower in the spring and summer, with a summer minimum in the range of 54 -75 mm. These future projections suggested that moisture will probably not limit soil or vegetation processes for this ecosystem.
The future change in DIN deposition was due to changes in precipitation amount. The annual delta values for DIN deposition ranged from 5 -23% with a threefold increase for MPI projections compared to HCs (Table 4) , mainly caused by the higher rates during winter and spring (Figure 3 ). Due to slightly higher present-day (mean 1993-2004 ) N deposition rates for NO 3 compared to NH 4 , the relative contribution of NO 3 to DIN deposition was higher (data not shown).
C and N processes
The two storylines gave large differences in simulated rates for microbial N immobilization. SLsoil was much higher than SLsoil þ veg due to the lower rates for plant N uptake but comparable rates for mineralization that cause higher availability of N in soil solution (Table 4) 
Model simulations
Long-and short-term changes
In general the differences among the scenarios for long-term changes in annual NO 3 leaching, soil organic C pool and the soil C/N ratios were larger for SLsoil compared to SLsoil þ veg, although the largest differences were between the two storylines themselves ( Figure 5 ). Soil organic N pools increased by 7% and 8-9% for all scenarios of SLsoil and SLsoil þ veg, respectively (Table 4) . Furthermore, for
SLsoil the soil organic C pool was reduced by 7-14% compared to only minor changes for the scenarios in SLsoil þ veg (Table 4 and Figure 5 ). With the reduction and increase of the soil organic C and N pools, respectively, the simulated soil C/N ratios were projected to continue to decline under all scenarios, slightly more for SLsoil compared to SLsoil þ veg ( Figure 5 ). Moreover, NO 3 leaching to surface water was projected to increase for all scenarios, though much higher for SLsoil compared to SLsoil þ veg. In the year 2100 the highest (MPIA2, SLsoil) and lowest (HCA2, SLsoil þ veg) annual NO 3 leaching rates were 48.7 and 15.7 mmol l 21 , respectively (Table 4) . 
Assumptions
The underlying assumption for SLsoil was that, in the future, elements other than N and temperature may limit vegetation growth, such as phosphorus (P) and potassium (K) (Britton et al. 2008) , or water. P may be a key limiting resource for Calluna (Roem et al. 2002) . Even with the future reduction in moisture, as projected for the summer at Øygardsbekken, water availability will probably be adequate and thus not limit plant growth. Furthermore, Calluna plants have proven to increase water use efficiency if water availability is scarce and combined with high N availability (Gordon et al. 1999) .
For SLsoil þ veg the underlying assumption was that plant foliage will become enriched in N due to increased N uptake, and consequently litter C/N will decrease (Norby & Cotrufo 1998; Hobbie 2000) . These two storylines gave two contrasting results, i.e. large increased (SLsoil) and small increased (SLsoil þ veg) NO 3 leaching to surface water.
The simulated future NO 3 concentrations suggest larger differences and thus uncertainties between the two storylines compared to the differences between the scenarios (and thus the different GCMs) within each storyline. In terms of modelling N leaching, the implication for this is that the uncertainties in scientific understanding of N cycling exceed the uncertainties in the climate predictions.
Net primary productivity versus soil decomposition
Whether SLsoil or SLsoil þ veg is the more likely can also be viewed as a battle between net primary production (NPP) and soil organic matter decomposition. NPP is the net result of CO 2 fixation by photosynthesis and CO 2 loss by plant respiration. The question as to whether climate warming will increase the rate of primary production (and hence the rate of litter C production) more than the increase in the rate of decomposition of soil organic matter has been the subject of many theoretical as well as modelling studies (e.g. Kirschbaum 1995 Kirschbaum , 2000 Kirschbaum , 2006 .
This determines the future change in C stored in the soil, which in turn affects the C/N ratio. A literature survey on temperature sensitivities of NPP and decomposition concluded that laboratory incubations, soil warming experiments, field measurements of soil respiration and inference of organic C turnover times from isotope ratios all indicate that the temperature sensitivity of decomposition greatly exceeds that of NPP, particularly at low temperatures (Kirschbaum 2000) . The strongest evidence came from laboratory incubations in which most confounding factors could be excluded, and the data suggested that a temperature increase of 18C could ultimately lead to a loss of 10%
of soil organic C in regions of the world with large C stores (Kirschbaum 1995) . Thus, according to these analyses and in agreement with our model results from SLsoil, the Øygardsbekken catchment will probably become a net source of C with future warming.
Many ecosystem modelling studies have been driven by the need to estimate rates of C sequestration and storage in the future (e.g. Worrall et al. 2007 ). An increase in atmospheric CO 2 (the potential driver of global change) in combination with temperature is often considered (e.g.
Norby & Lou 2004).
Only in a few cases have studies also considered the effects on NO 3 in runoff (Rastetter et al. 1991; Wright et al. 1998; Aber et al. 2002) . Rastetter et al. (1991) developed a generalized ecosystem model for C and N cycles that focuses on the changes in vegetation and soil under scenarios of climate change. The model was originally applied to a hardwood forest and an arctic tundra ecosystem. The results indicate that for the hardwood forest under a future warmer and CO 2 -rich climate the rate of mineralization of soil organic matter will increase more than the increase in primary production; thus there will be net loss of soil organic matter and loss of NO 3 to runoff.
This is analogous to the simulation obtained for SLsoil at
Øygardsbekken. In the case of the arctic tundra the ecosystem was initially poor in N and all of the mineralized N was retained in the ecosystem.
Effect of soil moisture
Climate-change-related rainfall extremes (extremely wet or On the other hand, during high rainfall events soils may become water saturated, inducing anaerobic conditions In the Hubbard Brook case they hypothesized that a period of drought in the late 1960s caused a greater increase in mineralization than increase in plant activity, thus mobilizing more NO 3 .
Seasonal changes and the effects on downstream watercourses
The overall higher NO 3 leaching rates simulated for SLsoil compared to SLsoil þ veg were due to the lower modelled Concern exists that the initial responses in ecosystem manipulations may be transitory, and caution should be used when attempting to extrapolate short-term experimental responses to infer longer-term effects (Norby & Luo 2004) . Furthermore, data from these experiments may be difficult to generalize and transfer to other ecosystems as the responses induced by the perturbations may be sitespecific and depend on the history and state of the ecosystem. To do these extrapolations and to provide estimates for inputs to ecosystem models it will be necessary to improve the understanding of the change in response patterns over time, including alterations in the magnitude, direction and rate of change of the response. According to Rustad (2006) these issues represent one of the biggest challenges in accurately predicting long-term changes in ecosystems and associated feedbacks to the atmospheric and climate system.
